
j I N 6 9  lO3t'ZT i' f , 

NASA CR-72425' 
PWA FR-2872 ,9 

FINAL REPORT 1 

I 

INVESTIGATION OF LIGHT HYDROCARBON FUELS 
WITH 

AS 
LIQUID ROCKET PROPELLANTS 

FLUORINE-OXYGEN MIXTURES 

Prepared for 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

CONTRACT NAS3-10294 

3 1  i 



NASA CR-72425 
PWA FR-2872 

FINAL REPORT 

INVESTIGATION OF LIGHT HYDROCARBON FUELS 
WITH 

AS 
LIQUID ROCKET PROPELLANTS 

FLUORINE-OXYGEN MIXTURES 

Prepared for 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

15 NOVEMBER 1968 
CONTRACT NASS-10294 

PRATT 8, WHITNEY AIRCRAFT 
PROGRAM MANAGER 

A. 1. MASTERS 

TECHNICAL MANAGEMENT 
JOHN W. GREGORY 

LIQUID ROCKET TECHNOLOGY BRANCH 
NASA LEWIS RESEARCH CENTER 

CLEVELAND, OHIO 



Pratt & Whitney Qircraft 
PWA FR-2872 

FOREWORD 

This report was prepared by Pratt & Whitney Aircraft Division of 
United Aircraft Corporation under Contract NAS3-10294, “Investigation 
of Light Hydrocarbon Fuels with Fluorine-Oxygen Mixtures as Liquid 
Rocket Propellants.” The  contract was administered by the Lewis Research 
Center of the National Aeronautics and Space Administration, Cleveland, 
Ohio. This report is the final report on the subject contract and summa- 
rizes the technical work conducted during the period 30 June 1967 to 31 May 
1968. The  NASA Project Manager for the contract was Mr. John W. 
Gregory. 

The  following Applied Research personnel at Prat.t & Whitney Air- 
craft’s Florida Research and Development Center contributed to the tech- 
nical effort and preparation of this report: A. I. Masters (Program Manager), 
and J .  E. Colbert - program direction; P. A. Thomas and C. D. Baldwin - 
design and test: and W. R. Kaminski, J .  E. Jackson, G. P. Beduerftig, 
M. I,. Johnson, and A. P. Genchi - heat transfer analysis. In addition, 
many groups and individuals outside the Applied Research project group 
made contributions to the program, most notably: M. H.  Staggs and 
R. H. Henson - test facility operations; and J .  B. Anderson and J. R. Bush 
- analog simulation. 
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ABSTRACT 

The feasibility of regeneratively cooling a flox-methane engine with 
bulk boiling methane was shown analytically and demonstrated experi- 
mentally. Both supplementary and regeneratively cooled simulated altitude 
tests were run at nominally 5000-lb thrust, 100-psia chamber pressure in 
modified RLIO tubular thrust chambers having nozzle expansion ratios of 
40:l. The most severe cooling problems were determined and solutions to 
these problems investigated. Regenerative cooling applicability with bulk 
boiling methane was predicted with regard to thrust and chamber pressure 
limits. Performance data were obtained in 25 uncooled simulated altitude 
test firings with bell-shaped and conical nozzles. 
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SECTION I 
INTRODUCTION 

Analytical and experimental programs for “Investigation of Light 
Hydrocarbon Fuels with Fluorine-Oxygen Mixtures,” have been conducted 
by Pratt & Whitney Aircraft under National A4eronautics and Space Admin- 
istration Contracts NAS3-4195 and NAS3-6296 (References 1 and 2). The 
objective of these programs was to investigate the applicability of flox/light 
hydrocarbon propellant combinations to upper-stage pressure-fed engine 
applications. The  major conclusions drawn from the work performed 
under these two contracts may be summarized as follows: 

1. Flox/light hydrocarbon combinations provide high delivered vac- 
uum specific impulse. 

Flox/light hydrocarbon propellants have bulk densities comparable 
to other space-storable-propellant combinations. 

Many of the flox/light hydrocarbon combinations have overlapping 
liquid ranges, thereby enhancing space storability. 

For fluorine concentrations generally of interest to space storable 
applications, flox/hydrocarbon combinations will be hypergolic. 

5. For low chamber pressure (nominally 100 psia), transpiration 
cooling has been shown to be feasible and attractive with methane, 
while regenerative cooling is applicable with a number of other 
light hydrocarbon fuels including propane, 1-butene, and a eutectic 
blend of pentane and isopentane. 

2. 

3. 

4. 

With most fuels, the application of convective thrust chamber cooling 
at subcritical pressures is limited by the occurrence of film boiling and 
consequent high wall temperature. Film boiling is usually encountered in 
high heat flux areas, but also occurs at lower heat flux as the coolant ap- 
proaches its saturation temperature. This trend is shown in figure 1 for 
methane (taken from Reference 1). 

The narrow liquid range of methane limits its use as a liquid phase 
coolant, thus in most applications it must pass through the film-boiling 
regime. A sudden decrease in coolant-side film coefficient and associated 
increase in wall temperature occurs at the point where initiation of film 
boiling occurs. Beyond this point, coolant-side film coefficients increase as 
coolant velocity and Reynolds number increase. The wall temperature in 
this.region is primarily a function of local heat flux and coolant velocity. 

1 
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Figure I .  Maximum Nucleate Boiling Heat Flux FD 24929 

for Methane 

Figure 2 shows the wall temperature at the point of initiation of film 
boiling as a function of local heat flux based on typical methane flow con- 
ditions. T o  maintain tolerable wall temperatures it is necessary to initiate 
film boiling at relatively low heat flux levels. Thus, the limited liquid heat 
capacity of methane becomes an asset by allowing vaporization to take 
place in the low heat flux regions of the nozzle. In this manner it is possible 
to maintain satisfactory wall temperatures throughout the entire thrust 
chamber by vaporizing the methane in the low heat flux region of the 
nozzle and by using high velocity gas to cool the high heat flux regions of 
the nozzle throat and combustion chamber. 

Passage Diameter = 0.125 in. 
Pressure = 200 psia I I 1 -  Flowrate = 0.01082 lbm/sec 

i 1 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

HEAT FLUX - Btu/in.2 sec 

Figure 2 .  Maximum Wall Temperature US Heat  Flux 
for hfethane in Saturated Film Boiling 
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Another factor that increases the range of applicability of cooling with 
boiling methane is the heat flux reduction caused by carbon deposition on 
the chamber wall. Methane heat transfer data from previous test programs 
have produced chamber combustion-side film coefficients approximately 60 
to 90% of theoretical predictions based on the Bartz boundary layer method 
(Reference 3). The lower values were determined under Contract NASS- 
4195 from 1 OO-psia thrust-chamber firings using modified RLlO (coaxial 
element) injectors with gaseous fuel (Reference 1), and the higher ratios 
were based on liquid-liquid testing with impinging type injectors (Refer- 
ence 2). 

When film or bulk boiling occur, fluid dynamic stability can be 
affected. The  large changes in fluid density caused by heat addition in the 
boiling region, coupled with the dependence of coolant heat transfer on 
flowrate and velocity can result in divergent instability. In general, how- 
ever, the pressure and volume perturbations a t  the point of boiling can be 
isolated from the system by employing various stabilizing devices. High 
differential pressure restrictions, such as orifices or cavitating venturis, 
upstream of the cooling jacket can be used to force a constant inlet flowrate. 
The  compressibility of the gaseous coolant jacket outlet flow produces a 
stabilizing effect, which may be enhanced by increasing the line volume 
between the coolant jacket and the injector. 

The primary objective of the work conducted under this program was 
to determine the feasibility of cooling a flox/methane engine with bulk- 
boiling methane. This was accomplished through an analytical and ex- 
perimental investigation of steady-state heat transfer and dynamic stability. 
A secondary objective was to obtain additional altitude performance data 
with the flox/methane combination. The investigation was divided into 
three tasks. Task I, Methane Boiling Evaluation and Design, consisted of 
analysis and test hardware design, including detailed analysis of the range 
of applicability of regenerative cooling with boiling methane. Task 11, 
Injector Checkout Tests, consisted of 5000-lb thrust, 100-psia chamber 
pressure, uncooled sea level firings with gaseous methane and liquid flox 
to determine baseline performance and circumferential heat flux. Task 
111, Methane Boiling Cooling Tests, consisted of simulated altitude 
testing to determine the exhaust nozzle heat flux and baseline performance, 
followed by 5000-lb thrust 1 OO-psia chamber pressure simulated altitude 
firings in modified RLlO tubular thrust chambers to determine the re- 
quirements for satisfactory bulk-boiling cooling with fluid dynamic stability. 
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SECTION II 

SUMMARY 

Contract NAS3-10294 is the most recent of three “Investigations of 
Light Hydrocarbon Fuels with Fluorine-Oxygen Mixtures as Liquid Rocket 
Propellants” to be conducted by Pratt & Whitney Aircraft under the spon- 
sorship of the NASA Lewis Research Center. Under the first two investiga- 
tions, the feasibility of using light hydrocarbon fuels for transpiration cool- 
ing and conventional regenerative cooling at pressure-fed engine conditions 
was established. This report deals entirely with the third contract in the 
series. 

The  objective of Contract NASS-10294 was to evaluate the feasibility 
of regenerative cooling with bulk-boiling methane. The  term bulk boiling 
refers to vaporization of liquid methane in the low heat flux regions of the 
exhaust nozzle under predominantly film-boiling conditions. The  high 
velocity gaseous methane produced in the nozzle is then used to cool the 
high heat flux regions of the combustion chamber. Secondary program ob- 
jectives were to predict the range of applicability of bulk-boiling cooling 
and to obtain additional flox/methane performance data at simulated 
a1 ti tude conditions. 

As with previous flox/light hydrocarbon programs, test conditions 
were nominally 5000-lb vacuum thrust and 100-psia chamber pressure. 
Liquid flox at the optimum theoretical concentration of 82.6y0 fluorine 
was used for all testing. Liquid methane at 180” to 200”R was used for 
thrust-chamber cooling and ambient gaseous methane was used as the fuel 
to simulate the coolant jacket outlet conditions in uncooled and supple- 
mentary-cooled tests. 

Both coaxial and triplet injectors were tested. The  coaxial injector 
had 145 elements, each with tangential entry swirlers to enhance atomiza- 
tion. The  triplet injector had 133 elements, each having two oxidizer 
streams impinging on a central gaseous fuel stream. On both injectors the 
oxidizer orifices were nickel and a Rigimesh stainless steel faceplate con- 
tained the fuel orifices (or annuli) and provided transpiration cooling. 

The  characteristic velocity efficiency, T ~ ~ ,  of the two injectors was 
evaluated in uncooled sea level firings, the results of which are shown in 
figure 3. The  triplet injector fulfilled one contract objective by achieving 
95% qrx over most of the mixture ratio range of interest. Unfortunately, 
this injector yielded heat fluxes of approximately 100 to 120% of the 
theoretical heat flux as predicted by the Bartz boundary layer method. 
Values of 70 to 90% of the theoretical value had been predicted from the 
two previous programs, which indicated that carbon deposition would 
significantly reduce the heat flux, and heat fluxes of under 1 0 0 ~ o  were 
deemed necessary for satisfactory cooling. The  coaxial injector achieved 

5 
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96% v,.* a t  a mixture ratio of 4.3 and produced only G O  to 80% of the 
theoretical heat flux; however, the efficiency dropped off at higher mixture 
ratios. This low performance at high mixture ratio with the coaxial injector 
was partially expected because the fuel-to-oxidizer momentum ratios were 
below the design values, which were based on regenerative-cooling fuel 
injector inlet conditions. The addition of film-cooling holes in the triplet 
injector provided slightly lower heat flux, but in this configuration the 
injector exhibited unstable combustion. On this basis, the coaxial injector 
was selected for the initial cooled tests, while the triplet injector was 
selected for uncooled simulated altitude performance testing. 

0 4.5 5.0 5.5 6.0 6.5 7.0 

MIXTURE RATIO, r 
Figure 3 .  Sen Level Injector Performance GS 7933A 

Twenty-one uncooled simulated altitude firings were conducted with 
the triplet injector, twelve using a bell nozzle having the same geometry as 
the RLlO engine, and nine with a 15-deg conical nozzle. Both configura- 
tions provided nozzle expansion ratios of 40. Vacuum specific impulses of 
approximately 880 seconds were obtained at a mixture ratio of 4.1 as shown 
in figure 4. Acoustic instability in these tests prevented accurate determina- 
tion of q,*; however, an estimated v,.+ of 95% based on the sea level data 
provides thrust coefficients that are consistent with other stable data ob- 
tained on this contract and previously under Contract NAS3-6296 (Refer- 
ence 2). Three significant conclusions may be drawn from these data. First, 
nozzle expansion losses due to nonequilibrium expansion are considerably 
less than theoretical predictions, i.e., less than 3y0 below r = 4.5 compared 
to nonequilibrium predictions of 5y0, and less than 6% at r = 5.75 com- 
pared to predicted losses of 10%. (Predicted kinetic losses are taken from 
Reference 2). Second, the experimental vacuum specific impulse peaks 
below a mixture ratio of 5.0 even though r],# is constant with mixture ratio. 
Third, conical nozzles provide a 1 to 2y0 performance improvement at high 
mixture ratios, but little increase in the peak vacuum specific impulse. 

6 
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S G  
3 0  s? 320 
U 

> 300 

420r 

Triplet Injector 

pc = 100 psia 

0-  Bell Nozzle 

.-Conical Nozzle, 

I I , 

MIXTURE RATIO, r 

Figure 4 .  Floxlhfe thnne Alti tude Performance GS 7934 

lJsing modified RLl0 tubular thrust chambers, four supplementary 
and three regeneratively cooled tests were conducted using liquid-methane 
cooling at bulk-boiling conditions. The test results are summarized in 
table 1. Coolant pressure surges occurred in tests No. 1 CA and 5 CA 
caused by a drastic change in the coolant density during the engine start. 
This problem was overcome by lengthening and carefully controlling the 
start transient. On tests No. 2 CA, 3 CA, 4 CA, and 6 CA successful bulk- 
boiling cooling was demonstrated; however, on tests No. 4 CA and 6 CA 
minor chamber damage was encountered at the higher mixture ratios run at 
the end of the test. It was concluded that this damage was probably caused 
by carbon flakeoff at high mixture ratios, which temporarily caused local 
hot spots. No instances of. fluid dynamic instability were encountered in 
any of the cooled tests. Completely satisfactory bulk-boiling cooling was 
demonstrated below a mixture ratio of 5.0, which, as previously indicated, 
was found to be the region of interest based on maximum experimental 
performance. 

The  use of individual metering orifices in the coolant jacket tubes was 
found to be extremely useful, not only in controlling coolant distribution 
during steady-state operation, but also in limiting chamber damage when 
a tube failure occurs. Damage sustained during tests No. 2 CA, 4 CA, and 
6 CA was minimized and readily repaired. T h e  more severe damage in- 
curred during the start transient on test No. 7 CA did not progress after 
steady-state conditions were obtained. Without the metering orifices, catas- 
trophic failures would probably have occurred on all of these tests. 

7 



Pratt & Whitney Flircraft 
PWA FR-2872 

Test 
Yo. 

1 CA 

2 CA 

3 CA 

4 CA 

5 CA 

6 CA 

7 CA 

- 

TABLE 1. SUMMARY OF COOLED TESTS 

Type Cool ing  

Supplementary 

supplementary  

Supplementary 

Supplementary 

Regenera t ive  

Regenera t ive  

Re g e n e r a t i v e  

T e s t  D u r a t i o n ,  
s e c  

2 

2 0  

20  

30 

9 

4 0  

60  

Coolant  Flow, 
l b / s e c  

3 . 0  

3 .0  

2 . 2  

2 . 4 - 2 . 2  

2 . 4 - 2 . 2  

Mixture  
R a t i o  

4 .3  

4 .0 -5 .5  

4 . 0 - 5 . 5  

4 . 6 - 5 . 0  

4 . 0 - 5 . 0  

R e s u l t s  

Shutdown a t  
s t a r t ;  re- 
p a i r a b l e  tube  
damage 

S u c c e s s f u l  

Success  f u 1 

R e p a i r a b l e  
tube  damage 

Shutdown a t  
s t a r t ;  no 
damage 

R e p a i r a b l e  
tube  damage 

Burnout  a t  
s t a r t  

In addition to the experimental prograin, ;I study was conducted to 
determine the limits of applicability of bulk-boiling methane with regard 
to chamber pressure and thrust. The  results are summarized in figure 5. 
Based on rather conservative assumptions regarding tubular thrust chamber 
construction, a lower limit of approximately 2000-lb thrust at 100-psia 
chamber pressure was found. 

01 I I I I 
0 5000 10,000 15,000 20,000 

VACUUM THRUST - Ibf 

Figure 5 .  Predicted Regenerative Cooling Limits GS 79424 
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SECTION 111 

TEST COMPONENT ANALYSIS AND DESIGN - TASK I 

A. DESIGN REQUIREMENTS 

Nominal design conditions for all test hardware were 100-psia chamber 
pressure and 5000-lb vacuum thrust based on a nozzle expansion ratio of 40. 
A flox concentration of 82.67" fluorine was used throughout the study. 
Injector designs were based on an oxidizer inlet temperature of 160" to 
180"R and a methane inlet temperature of 525"R for uncooled and supple- 
mentary-cooled tests and 550" to 700" R for regeneratively cooled tests. 
Thrust chamber cooling was based on a methane inlet temperature of 180" 
to 200"R. 

Solid copper thrust chambers and stainless steel nozzle extensions, 
initially fabricated and tested under Contracts NAS3-4195 and NAS3-6296, 
were used for the uncooled firings. One chamber-bell-nozzle assembly pro- 
vided the same internal geometry as the RLlO oxygen-hydrogen engine, 
while a second assembly had the same combustion chamber geometry and 
a 15-deg conical exhaust nozzle. The injectors and the cooled thrust cham- 
ber were modifications of RLlO engine components. 

B. INJECTORS 

The primary goals in selection of the injector configurations were 
achievement of 95% ye* at a mixture ratio of 5.75 with stable combustion 
and uniform circumferential heat flux. Two element configurations were 
selected: (1) a coaxial design with tangential entry oxidizer swirlers, and 
(2) a crossed-fan triplet having two oxidizer streams impinging on a central 
fuel stream. This selection was based on the results of three previous NASA 
contracted flox/light hydrocarbon programs (References 1, 2, and 4), and a 
Company-sponsored flox/butene-1 injector test program (Reference 5).  

The coaxial injector was selected because all previous experimental 
data with flox/gaseous methane had been obtained with this type of element. 
These data indicated that straight coaxial jets would only marginally pro- 
vide the 95% qcx required, but that use of oxidizer swirlers could provide 
significant increases in efficiency. It was therefore considered necessary to 
utilize oxidizer swirlers to ensure meeting the performance objectives. 
Higher performance was found with 21 6-element injectors than with the 
108-element injectors tested under Contract NAS3-4195; however, the 
swaging techniques required to achieve high-injection momentum ratios 
with the higher elements density led to problems with hardware durability 
at high mixture ratio. On this basis, it was decided to use the maximum 
number of elements that would provide reasonable fuel annulus dimen- 
sions without swaging. It was considered necessary to maintain a fuel 
annulus gap of over 0.007 to 0.008 in. to prevent uneven fuel distribution 
caused by unavoidable manufacturing tolerance limitations. The  final 
design had 145 elements with a resulting annulus 0.008 in. wide. 
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Because of durability problems encountered with previous flox/ 
methane coaxial injectors using ribbon swirlers, a tangential entry oxidizer 
swirler design was selected. This unique design consisted of slots, electro- 
discharge-machined into the back of the injector divider plate. Figure 6 
shows the construction details of a test element having the same internal 
dimensions as those in the injector. Three slots are drilled tangentially to 
each oxidizer orifice and the orifice is then closed with a spot weld. A 
shallow slot angle causes the slot exit area to be the controlling area, and 
requires only that the depth of penetration and not the weld size be 
uniform. The  swirl elements produce a conical spray with a 30-degree 
included angle. The  elements were designed for a pressure drop of 25 psi 
at a mixture ratio of 5.75. Experience with both ribbon and tangential 
entry swirlers indicated that a 30-degree spray angle provides a desirable 
compromise between adequate droplet breakup and prevention of wall 
impingement. In figure 6 the flow from the tangential entry swirler is 
compared with that produced by a straight orifice of the same diameter. 
The  cone angle is primarily a function of the ratio of slot to orifice area 
and does not change appreciably with pressure drop as shown in figure 6. 
The calculated mean drop size for this element is 135 microns. Based on 
vaporization criteria (Reference 6), this corresponds to an effective length 
of 12.2 in. or approximately twice that required for essentially complete 
vaporization. The  coaxial injector is shown in figure 7 .  

Slot Configuration 

Orientation A 
A P  = 25psid 

ntation 
A 

Test Element Before Closeup Showing Weld Closure 
WeldingBack of Orifice Tangency of Slots of Orifice 

Orientation B 
A P  =25 psid 

Orientation B Flow Stream From 
h P  = 40 psid Straight  Orificeof 

Same Diameter a s  
Tangential Element 

A P  = 25 psid 

Figure 6. Tangential  Entry Orifice Construction 
and Water  Flows 

F D  225024 
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btgure 7. Coaxial Inlector GS 7930 

The  second injector design was based on the use of triplet elements, 
i.e., two liquid oxidizer streams impinging on a central gaseous fuel stream. 
Selection of the triplet was based on high performance with other pro- 
pellant combinations at gas-liquid injection conditions. A Company- 
sponsored flox/butene-1 injector performance comparison of triplet in- 
jectors with parallel impingement fans and perpendicular fans showed 
that at approximately the .same momentum ratios and mixture ratios the 
perpendicular fan injector produced higher performance with less than 
half as many elements because of the' increased interelement mixing caused 
by the fan circulation. 

The  triplet injector, shown in figure 8, had 133 elements, the approxi- 
mate maximum based on the geometry, fluid dynamic, and manufacturing 
restraints imposed by the design requirements. T o  minimize circumfer- 
ential heat flux variations, the outer row of the injector consisted of 36 
elements oriented to provide an outer ring canted 10 deg away from the wall. 
T h e  included angle between the oxidizer streams was 90 deg and the im- 
pingement point was 0.225 in. from the injector face. Effective length 
estimates for the injector were 25 in. neglecting secondary atomization by 
the gaseous fuel, more than adequate to assure essentially complete vapori- 
za tion. 
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Oxidizer, 

Figure 8. Triplet  Injector GS 7931 

Both injectors utilized nickel oxidizer plates that were machined and 
drilled to form the oxidizer orifices and stainless steel Rigimesh faceplates 
that provided transpiration cooling and contained the fuel orifices (or 
annuli). T h e  principal element dimensions and operational pressure drops 
for the two injectors are summarized in table 2. 

TABLE 2. INJECTOR DESIGN CHARACTERISTICS 

APf >* Momentum 
p s i  R a t i o  

0 '  Element Number of d0  3 d f ,  Mix tu re  AP 
P a t t e r n  E l  emen t s  i n .  i n ,  R a t i o  p s i  

C o n c e n t r i c  145 0.0635 0 .  146'k'k 5.75 25 60 4 .1  
4.00 23 105 5.8 

T r i p l e t  133 0.0490 0.074 5.75 20 65 4.6 
4.00 18 118 6.4 

7kBased on ambient  t e m p e r a t u r e  methane 
-1 -1. ,(,.O. 008-in.  annu lus  w i d t h  
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C. UNCOOLED THRUST CHAMBERS AND EXHAUST NOZZLE 
EXTENSIONS 

Two uncooled copper thrust chamber configurations were used for 
sea level injector checkout testing (Task 11) and uncooled simulated. alti- 
tude testing (Task 111). The sea level injector checkout testing was con- 
ducted using a solid copper chamber having a 15-deg nozzle half-angle, 
with an area ratio of 1.98 to ensure under-expansion at 100-psia chamber 
pressure. The  altitude testing used both (1) a bell-nozzle configuration, 
i.e., copper chamber and stainless steel RLlO contour exhaust nozzle ex- 
tension, and (2) the copper chamber used for sea level testing with a 15-deg 
conical exhaust nozzle extension. The two altitude assemblies are shown 
in figure 9. 

Bell Nozzle 15-deg 
Conical Nozzle 

Figure 9. Uncooled Thrus t  Chamber Assemblies GS 7932 

The two uncooled thrust chamber assemblies were previously fabricated 
and tested under Contracts NAS3-4195 and NAS3-6296 and required only 
minor modification of the injector flange and addition of a flange to the 
exit plane of the bell-nozzle chamber to mount the nozzle extension for 
altitude testing. Modifications to the exhaust nozzle extensions were not 
required. 

Instrumentation of the 15-deg thrust chamber consisted of 27 chromel- 
alumel (CA) thermocouples located axially along the chamber and 45 CA 
thermocouples located circumferentially around the chamber in three 
separate planes: 18 in a plane S in. from the injector face, 12 in a plane 
5.85 in. from the injector face, and 15 at the throat plane. A high fre- 
quency pressure transducer was installed approximately 2 in. from the 
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injector face. The  bell-nozzle chamber had 10 chromel-alumel thermo- 
couples located axially and 26 more located circumferentially in two sep- 
arate planes: 18 in a plane 3 in. from the injector face and 8 in the throat 
plane. The  bell-nozzle-extension instrumentation consisted of 12 axial and 
8 circumferential chromel-alumel thermocouples. T h e  circumferential 
thermocouples were located in a plane 9 in. from the throat. No  thermo- 
couples were used on the conical nozzle extension. 

Installation of the thermocouples was accomplished by cutting grooves 
in the outer surface of the chamber, placing the thermocouple wires in 
the grooves and peening in place, thus forming a junction. T h e  junction 
was then flame-sprayed with copper to ensure good thermal conduction. 
T h e  entire chamber was wrapped with an insulating blanket covered with 
fiberglass for protection. 

D. COOLING ANALYSIS AND RLlO CHAMBER MODIFICATIONS 

1 .  STEADY S T A T E  

The following parameters were considered in the heat transfer analysis 
of the RLlOA-3-1 chamber to be tested under Task 111: 

Chamber Pres s u r e  

Mixture R a t i o  

F u e l  F lowra te  

100 p s i a  

4 . 0 ,  4 . 7 5 ,  and 5.75 

2.66 ,  2 . 3 1 ,  and 1.95  l b l s e c  

Coolant  F 1 owr a t e 1 and 2 t imes  f u e l - f l o w r a t e  

Heat T r a n s f e r  Reduc t ion  Due 0 . 6 ,  0 . 8 ,  and 1.0 
t o  Carbon D e p o s i t i o n  (Qm/Qp) 

Analysis of the unmodified RLlOA-3 chamber, at 80% of the Bartz heat 
flux, indicated that local wall temperatures would be very near the burnout 
wall temperature at some of the required operating conditions. Wall 
temperature, coolant bulk temperature, and heat flux are shown in figures 
10, 11, and 12 for mixture ratios of 4.0, 4.75, and 5.75, respectively. To  
increase the heat transfer to the methane coolant, thereby reducing wall 
temperatures, wire inserts were placed in the tubes to reduce the flow cross- 
sectional area. These tube inserts were in the form of copper wires extend- 
ing from the turnaround manifold to the exit manifold. Several wire sizes 
were investigated. The  selected configuration was of varying blockage 
produced by 2, 3 ,  and 4 strands of 0.032-in. diameter (No. 20) wire twisted 
together as shown in figure 13. 
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Figure 10. Wall  Temperature,  Coolant Bulk Temperature, and 
Heat Flux f o r  Mixture Ratio = 4.0 

DF 66867 

15 



Pratt & Whitney Flircraft 
PWA ~ ~ - 2 8 7 2  

2 0 0 0  

' Y O 0  

Lh00 

lL00 

1200 

I000 

000 

lroc 

2 0 0  

Pc = 100 p s i a  

K = h . 7 5  

Q,iQp = 0.80 

Unmudif i e d  
Chamber 

I 

I A 
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Figure 12. Wal l  Temperature,  Coolant Bulk Temperature, and 
Heat Flux for Mixture Ratio = 5.75 

Pratt & Whitney Qircraft 
PWA FR-2872 

DF 66869 

17 



Pratt & Whitney Qircraf? 
PWA FR-2872 

k- 1.00 in. 4 

0.032 in. Dia Copper Wires - Twisted 
Typical 

Figure 13. T u b e  Inserts in Throat Region FD 24931 

Reductions in wall temperature of as much as 400”R were realized in 
the regions of maximum wall temperature. The  various modes of heat 
transfer occurring in the coolant passages are indicated by the different 
types of lines on figures 10 through 12. As shown in these figures, the point 
of complete vaporization shifts downstream from the injector with increas- 
ing mixture ratio. This may be explained by noting that as the mixture 
ratio is increased from 4.0 to 5.75 the total heat load to the chamber re- 
mains essentially constant, while the coolant flowrate decreases. Thus, the 
heat absorption per pound of coolant is greater for the higher mixture 
ratio cases and causes the point of complete vaporization to occur earlier. 
The location of the point of complete vaporization relative to the injector 
face as a function of mixture ratio is shown below (the throat is at 12 in.). 

Mixture  R a t i o  

4.0 

4.75 

5.75 

L o c a t i o n  of P o i n t  o f  Complete 
V a p o r i z a t i o n  From I n j e c t o r  Face ,  

i n .  

14 

15 

1 7  

Because the coolant flow in the long tubes is away from the turn- 
around manifold, friction and momentum forces held the insert in tension 
by attaching the inserts at the turnaround manifold. The  opposite end of 
the inserts (at the exit manifold) “float” free, thus eliminating possible 
kinking or stressing due to unequal thermal expansion. 
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In addition to the wire swirls, a silver filler braze was added to the 
troughs between tubes in the predicted region o f  high temperature film 
h i l i n g  to provide additional cooling margin. The  braze provided increased 
wall temperature margin by increasing conduction away from the tube 
crowns and into the trough areas. As shown in figure 14, the braze covered 
the area from about 0.75 to 17 in. downstream of the throat. 

DD Turnaround [ Manifold I 

Throat Plane - 
Exit 
Manifold 

- - ld-r - 16.00 i n . 4  
26.00 in. 

33.00 in. 

Notes: @ Plane Contains Bulk T/C (Short Tubes). 
@) Planes m,m, m, and 

@ Lithium Silver Braze Between Planes 0 and m. 
Contain Hot Wall T/C’s (Long Tubes). 

Figure 14 .  Location of Silver Filler Braze 
and Chamber Thermocouples 

FD 24932 

Also shown in figure 14 are the locations of twelve hot wall temperature 
and two coolant bulk temperature thermocouples in two planes approxi- 
mately 120 deg apart. The coolant bulk temperature measurements taken 
in the short tubes allowed estimation of the heat flux level at that plane. 

In addition to the modifications to reduce the tube wall temperature, 
metering orifices, inserted in the chamber to provide uniform coolant flow 
to each tube, were added to the chamber inlet manifold. The requirement 
for this modification arises from the potentially large tube-to-tube coolant 
flow variation caused by nonuniform circumferential heat flux. The prob- 
lem is particularly severe with bulk-boiling methane because of the large 
density decrease that occurs a t  the vaporization point. Figure 15 compares 
the density change of methane and supercritical pressure hydrogen for 
varying amounts of heat addition. Due to the density decrease of methane, 
most of the coolant pressure drop is taken after the point of vaporization. 
Any change in heat flux thereby displaces the vaporization region and results 
in a change in the coolant pressure drop. For the modified test chamber 
operating at a nominal mixture ratio of 5.75 and 80% of the Bartz heat 
flux, figure 16 shows that a k 10% circumferential heat flux variation 
results in a zk 50a/, variation in tube-to-tube coolant flow for a given jacket 
differential pressure. (Note that the jacket differential pressure must be 
essentially the same because the tubes are connected to common manifolds.) 
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For comparison, the bottom curve in figure 16 shows the same heat flux- 
flow relationship for a fluorine/liydrogen RLlO operating with supercritical 
pressure (no boiling) hydrogen coolant. In this case a f 10% change in 
heat flux results in only a ~fr 2% variation in coolant flow. The  relative 
stability of the supercritical pressure hydrogen system occurs because there 
are no large changes in hydrogen density. 

Unfortunately, higher heat fluxes reduce the coolant flow; this is 
opposite to the desired result of higher flows in the higher heat flux regions. 
Because of this effect, small circumferential heat flux variations have a 
relatively large effect on tube wall temperature. The  term “tube wall 
margin” is defined as the difference between the temperature at which the 
tube would burst and the calculated tube hot wall temperature. Figure 17 
shows the variation in tube wall margin that results from the f 10% heat 
flux variation indicated by the X’s in figure 16. At the 90% heat flux 
point, the flowrate is reduced to 75y0 of nominal and the tube wall margin 
is reduced to 150”R. Based on uniform coolant distribution, for 100% 
of the Bartz heat flux the minimum tube wall margin would be approxi- 
mately 200”R. Thus, the secondary effect of reduced coolant flow has a 
greater effect on wall cooling margin than the primary effect of nonuniform 
circumferential heat flux. 
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Figure 16. Effect of Heat  Flux Variation on Coolant 
Distribution 

DF 66870 
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. -  

DISTANCE FROX IXJFXTOR - in. 
Figure 17. Ef fec t  of Heat  Flux and Coolant Flow Variations 

o n  T u b e  W a l l  Margin 
DF 6687 I 

To overcome this problem, metering orifices were used to reduce the 
dependency of flow on pressure perturbations in the tubes produced by non- 
uniform circumferential heat flux. Figure 18 shows the installation of the 
metering orifices. The  orifices are placed in each of the 180 short tubes 
and flow separators are inserted into the turnaround manifold so that the 
flow from each short tube is routed to its adjacent long tube. The  photo- 
insert in figure 18 shows the completed turnaround manifold. Orifices of 
0.031-in. diameter were used to limit the coolant flow to %loyo as shown in 
figure 19. 

Metering Orifice 
(Typical 180 

Chamber 
Places) 

Inlet Manifold 
Metering Orifice 

(Inlet Manifold) 

Alternating Short and FE 77751 

long Chamber Tubes 

Separators 

Manifold Sectioned 180 Places 

to Accept “Separator” 

(Turnaround Manifold) 

Figure 18. Installation of Aietering Orifice 
for  Tube- to-Tube  Flow Control 

GS 7939 
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Variation in heat transfer rates due to carbon deposition on the com- 
bustion chamber walls was investigated for values of the parameter (Im/% 
of 0.6, 0.8, and 1.0 for mixture ratios of 4.0 and 5.75. As indicated in figure 
20, the maximum wall temperature increases approximately 250"R in going 
from 80 to 100% of the theoretical heat flux. The  location of the point of 
complete vaporization is influenced by carbon deposition through a change 
in total heat transferred to the coolant. This point shifts from 13.8 to 20.9 
in. from the injector for a change in QJQP from 60 to 100% for the 5.75 
mixture ratio case, and from 11.4 to 17.4 in. for the 4.0 mixture ratio case. 

The desirability of using high coolant flowrates during the supple- 
mentary-cooled tests was investigated for coolant flows up to twice the 
injector fuel flow. Increasing the jacket coolant flow above the chamber 
fuel flow decreases the wall temperature in the throat region. Doubling 
the coolant flowrate reduced the wall temperature by as much as 250"R 
in the highest wall temperature regions for the regenerative case at a mixture 
ratio of 5.75, as shown in figure 21. With the increased coolant flowrate the 
heat absorption per pound of coolant is decreased and the location of com- 
plete vaporization of the coolant occurs much later, e.g., the location of 
complete vaporization moves from a point 17 in. from the injector to a 
point 8 in. from the injector when the coolant flowrate is doubled. Because 
the point of transition to film boiling now occurs in a high heat flux region, 
the wall temperature increase at the transition point is approximately twice 
that for the regenerative cooling flowrate. In addition, a high temperature 
region occurs in the chamber area because the point at which gas convection 
cooling begins has also been moved to a higher heat flux area. Thus, 
overcooling may not always provide the increased cooling margin that is 
desired, but for this case a slight benefit was found for overcooling up  to 
twice the injector fuel flow. 
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Figure 21. Influence of Supple7ne?ttary-Cooling on  Wal l  
Temperature and Coolant Bulk  Temperatures: 
RLlO Chamber With T u b e  Inserts 
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. 2. FLUID DYNAMIC STABILITY - ANALOG SIAt  ULATION 

A dynamic simulation of bulk-boiling methane in an RLlO heat ex- 
changer was made using a Beckman 2133 analog computer. The  purpose 
of the analog study was to (1) determine if the basic heat exchanger is stable, 
(2) isolate the problem area if i t  is not stable and (3) determine those meth- 
ods that will stabilize the heat exchanger. The  analysis employed in the 
analog program was similar to that reported in Reference 7 with the ex- 
ception that the methane properties and boiling heat transfer correlations 
of Reference 1 were incorporated. The heat exchanger was represented by 
an 8-node system as shown in figure 22. The  inlet and outlet stand plumbing 
were represented by lumping equivalent capacitances (volume effects), inert- 
ances (fluid accelerations), and resistances in series. Although the tube 
inserts discussed in paragraph D-1 affect the level of steady-state values 
(wall temperature, etc.) they were not expected to influence the dynamics 
of the system appreciably and were not included. 

Inlet 

Figure 22. Distribution of Nodes for Analog Simulation FD 24933 

The  steady-state density ratio across each node was restricted to a maxi- 
mum value of two. This restriction, combined with the necessity of using 
the available analog equipment most efficiently, resulted in the decision 
to use 8 nodes. Based on the steady-state analysis, several heat transfer 
correlations were required to cover the possible flow regimes in each node. 
The  possible operating conditions programed for each node are shown in 
table 3. 
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TABLE 3. OPERATING CONDITIONS FOR THE 
HEAT EXCHANGER NODES 

Yod e C o n d i t i o n s  Covered i n  Analog Program 

1 N u c l e a t e  b o i l i n g ,  no n e t  vapor  g e n e r a t i o n  

2 N u c l e a t e  b o i l i n g ,  no  n e t  vapor  g e n e r a t i o n  

3 N u c l e a t e  , subcooled  , o r  s a t u r a t e d  f i l m  b o i l i n g  

4 N u c l e a t e ,  s u b c o o l e d ,  o r  s a t u r a t e d  f i l m  b o i l i n g  

5 N u c l e a t e ,  s u b c o o l e d ,  o r  s a t u r a t e d  f i l m  b o i l i n g  

6 N u c l e a t e ,  subcooled  , o r  s a t u r a t e d  f i l m  b o i l i n g  and 
s u p e r h e a t e d  gas  c o n v e c t i o n  

7 Superhea ted  gas  c o n v e c t i o n  

8 S u p e r h e a t e d  gas  c o n v e c t i o n  

Inlet and outlet line dynamics are represented by the following 
equations: 

1. Inlet 
144 

d t  A I i n  i n  
(PT - Pin) 

dGin  -= 

in= dP L(,L) Gin - (&)(*)Gl d t  144 G i n  i n  

p1 = Pin -[5-' G t  

2. Outlet 

-= p9 (@)(L) Gg - (+)WE 
d t  144 CE 

Values of capacitance, inertance, and resistance for the lines are effective 
values that represent the accumulative effect of the various sections of 
the plumbing. 
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The  equations governing the heat input to the fluid are the same as 
those used in the steady-state analysis, 

= ~ s ~ h ~ ( ~ ~ ~  - e )  Superhea ted  Gas Convect ion 
c 

Fi lm B o i l i n g  (Subcooled and 
S a t u r a t e d )  

N u c l e a t e  B o i l i n g  

q = Aschc <Twc - Tsa t )  

+ 50' w c  = Tsat  

For  Superhea ted  
Gas Convect ion  

0.4 0 . 8  0.72 

( K f  ) o ' 6  (2) ] Go*'( :- 1) h C = 15.03[::y3 0.2 (L)f p 

For  Subcooled F i lm B o i l i n g  ( &J'72 

0.4 0.6 0 . 8  

h C = [ ~ ' o ~ ~ 2  (&)f (Ki> (:) ]Gos8($)'5 

eq  

F o r  S a t u r a t e d  F i lm  B o i l i n g  

L 

Previous experience based on the work done in Reference 3 indicates 
that heat storage in the walls is not a significant factor for the first 5 nodes. 
This analysis treats heat storage in the walls for nodes 6 through 8 only. 

Heat storage in the walls is calculated as the difference between the 
heat flux to the wall, Q, and the heat flux to the fluid, q, which are defined 
as follows: 

r 1 

= A s  h x >1 q i  c i  c i (Twc - "i 
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d p =  ~ 

a H  

This results in a wall energy balance equation as follows: 

dH + dH$ P 

It was assumed that density varied linearly with distance in each node. 
The  rate of change of density was then: 

and further, 

T h e  variations from the assumption of a linear distribution of density 
were small, and resulted in a negligible effect on the solution. 

T h e  primary effect of heat addition to the fluid is an increase in fluid 
volume. A simplified form of the energy equation that accounts for the 
volume effect is obtained by combining the first law of thermodynamics, 
property relations, and continuity. It was necessary to assume a quasi-steady 
flow process. Properties that are independent of pressure changes are 
evaluated at the heat exchanger inlet pressure. T h e  latter assumption is 
reasonable because steady-state analysis indicates small pressure losses. 

First 1,aw of Thermodynamics, 

dq = WdH 

Property Relation, 

P =  P ( H ,  P I  

Continuity, 

i = P A V  

d i  = 0 = A V d p  + p d  (VA) 
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av  
IP aH 

~q = - - /GA\ 1 AD I . 
c 

dq 

P 

Substitution of the first two equations into the continuity equation yields 
the desired differential equation. 

The nature of the analog simulation requires that the energy equation 
provides a means for calculating the flow rate per unit area from node to 
node. In finite difference form this gives: 

- -- Pi+l  (p i  +2'i+1) +- - Ai ) Gi 

A i + l  G i + l  

An exact form of the momentum equation requires accounting for all 
factors such as friction and turning losses, as well as heat addition, through- 
out each node. 

The  basic momentum equation: 

4F 1 2 P V  d v  1 dw - - -  TgPV - g d y  - - A g - d t  d P  
d x  
-- 

Dm 
t u  -- 

f r i c t i o n  -hea t  a d d i -  a c c e l e r a t i o n  
t i o n  

is rearranged and then modified with the assumptions: 

1. Friction and momentum pressure losses for each node are propor- 
tional to the inlet velocity head for each node. 

2. Flow accelerations are proportional to the unbalanced pressure 
forces, dp/dx. 

3. The pressure drop in nodes 1 through 5 is so small in the steady- 
state analysis that it is assumed negligible. 

31 



Pratt & Whitney Flircraft 
PWA FR-2872 

The form of the momentum equation used is: 

-= dG - pg> - CUI($) - cu6($)- d t 'uo ('1 

cu7 (":) p7 - CU8($) - cu9($) 

where the effective inertance may be expressed as: 

n 

= C u o ( A P ~ /  (GflPi))144 f o r  l _ ( i < 9  
' u  i 

and C,,, is non-zero because the inlet manifold pressure drop is included for 
the pressure drop in node 1. 

Methane thermodynamic properties were normalized to simplify the 
curves as necessary to fit the analog capability. Figures 23 and 24 show the 
saturated liquid enthalpy and the latent heat of vaporization. These are 
used to determine the vapor quality and the vapor density. The  pressure, 
temperature, density relationship is shown in figure 25. Figure 26 shows 
the rate of vapor generation, (aV/aH),, as a function of pressure and 
density, a parameter required for solution of the energy equation. 

Because the steady-state analysis indicated small pressure drops through 
the heat exchanger, the coolant properties for all nodes are evaluated at the 
jacket inlet pressure. Bivariate curve fits are required because the inlet 
pressure is a time-dependent function. 

The steady-state chamber conditions assumed during this study were 
for a supplementary-cooled test at a mixture ratio of 5.75 and 80% of the 
Bartz heat flux. The walls of the heat exchanger were initially depressed 
to temperatures ranging from 330" to 276"R along the heat exchanger to 
simulate a cold start condition. Most of the analog runs were for a step 
input in heat transfer to the heat exchanger walls from the cold start con- 
dition. The step input was selected because it introduces the most severe 
disturbance into the heat exchanger system. 
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Analog solutions for the following cases were obtained: 

1. 

2. 

3.  

4. 

5.  

Heat exchanger less inlet and outlet line dynamics and resistance. 
The inlet flow rate to the heat exchanger and discharge pressure 
were held constant. This constant flow condition approximates a 
cavitating venturi immediately upstream of the heat exchanger, 
while the constant discharge pressure approximates an instantane- 
ously regulating dump control valve. 

Heat exchanger less inlet and outlet line dynamics. The  inlet flow 
measuring orifice and control valve were represented as a com- 
bined constant area restriction while the discharge pressure was 
held constant. 

Heat exchanger with inlet line dynamics incorporated and the 
discharge control operating as a fixed restriction. This simulates 
zero gain inlet and outlet control valves and a zero volume outlet 
line. 

Same as case 3 with the exception that the outlet plumbing volume 
effects were taken into account. Three values of volume were 
used: existing line volume, and ten times and one-hundred times 
the existing line volume. 

Same as case 4 except that the heat transfer to the heat exchanger 
walls was ramped in 1/10 and 1/2 sec. 

The heat exchanger was stable for both cases 1 and 2. Steady-state was 
achieved within 1 sec after initiation of the step input with the heat ex- 
changer behaving basically as a damped first order system. It  is interesting 
to note that the heat exchanger wall temperatures lag the heat input by a 
time factor of approximately three, i.e., large oscillations in coolant flowrate 
do not produce correspondingly large oscillations in wall temperature. 
Case 3, in which the discharge valve was represented by an orifice, was 
unstable with a frequency of 80 cycles per second. Case 4 was an attempt 
to stabilize the heat exchanger by using an accumulator to provide a time 
delay between the jacket discharge flow and pressure. The  existing outlet 
plumbing volume did not stabilize the heat exchanger whereas, accumu- 
lators providing ten and one-hundred times the existing outlet volumes 
appeared to be marginally stable with a step input in heat transfer. Ramped 
inputs of 1/10 and 1/2 sec (case 5) ,  with the ten times outlet plumbing 
volumes again displayed marginal stability but the one-hundred times 
volume was very stable. I t  is expected that if the transient characteristics 
of the outlet valve and the outlet plumbing dynamics were included, a 
stable situation would exist. 
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Figures 27 through 30 show a comparison of the heat exchanger inlet 
and outlet mass flux traces for cases 1,  2, 3, and 5. The  arrow on each trace 
signifies the start of the heat input transient. As previously discussed, 
figures 27 and 28 display stable operation, whereas figure 29 indicates 
unstable behavior. Figure SO indicates stable conditions for a 1/10 sec 
input ramp with one-hundred times the outlet line volume for the same 
conditions that caused the instability shown in figure 29. Typical time 
traces for coolant density, quality, and wall temperature for case 2 are 
presented in figures 31 and 32. Figure 31 shows the variation of density 
with time at the inlet to node G and at the outlet of the heat exchanger. 
Nodes 5 and 6 hot wall temperatures (figure 32) indicate slow response to 
the input disturbance with steady-state being achieved at  approximately 3 
sec (not shown) with values of 1620" and 2100"R, respectively. The  average 
quality of node 6 indicates that almost complete vaporization of the coolant 
occurred during the transient. T h e  final value at 3 sec is approximately 
0.72. 

It is concluded that the isolated heat exchanger is unstable for the 
conditions investigated, and that stabilized effects result from utilizing a 
control valve and accumulator downstream of the thrust chamber to 
maintain a constant discharge pressure and by limiting the rate of change 
of the heat input. While not investigated in this study, the use of flow 
restrictions upstream of the thrust chamber should also provide a stabilizing 
effect. 
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SECTION IV 

c 

TEST FACILITIES A N D  EQUIPMENT 

A. LIQUID PROPELLANT RESEARCH FACILITY 

,411 testing was conducted at  Pratt PC Whitney '4ircraft's Liquid Pro- 
pellant Research Facility (figure 33). This complex has the capability of 
flowing storable and cryogenic propellants at feed pressures up to 5500 psi. 
T h e  facility is divided into four firing bays for 1000, 5000, 15,000 and 
50,000-lb thrust levels. The  5000 and 15,000-lb thrust bays are connected 
to a continuous-acting steam-driven ejector system for altitude simulation. 
These two bays have exhaust diffusers that discharge into a common cross- 
over duct that connects them to the two-stage steam ejector. For the 5000-lb 
thrust chambers used in this program, the ejection system was able to 
maintain pressures of approximately 0.2 psia (simulated altitude of approxi- 
mately 100,000 ft). 

Rigorous standards of materials selection, fabrication, cleaning, passi- 
vation, and leak detection are followed for fluorine test facility design and 
operations. Liquid-fluorine handling is accomplished remotely from the 
facility control room, which is located about 900 f t  from the test stands. 
All operations are carried out using remote-operated valves except for 
transfer from the delivery vehicles, which are equipped with manual 
valves. Liquid fluorine is stored in roadable Dewars similar to the delivery 
vessels, but equipped with remote-operated valves. A detailed description 
of the fluorine procedures used b y  Pratt PC Whitney Aircraft is presented 
in Reference 8. 

B. PROPELLANT SUPPLY SYSTEM 

All rocket chamber test firings were conducted in the 5000-lb thrust 
B-27 stand firing bay. Three different propellant flow path configurations 
were used for the uncooled, supplementary cooled, and regeneratively 
cooled tests; the propellant flow paths are shown in figures 34, 35, and 36. 
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Gaseous methane, used in the uncooled tests, was supplied from an 
840-gal tank. The  gaseous methane was pressurized by flowing the fuel 
into the tank from a high-pressure tube-trailer in which the methane was 
stored. Liquid methane, for the cooled tests, was supplied from a 250-gal 
liquid nitrogen jacketed tank. Fuel temperature settings in this tank were 
obtained by controlling the nitrogen jacket pressure. The  liquid methane 
was liquefied from the gaseous state by allowing it to enter the cooled tank 
where it was condensed. The  fuel supply lines were vacuum jacketed up 
to the test chamber inlets. Fuel flow was controlled by up to three electro- 
hydraulic servo-operated control valves. 

The  liquid flox was supplied from a 500-gal vacuum jacketed road- 
able Dewar. Liquid nitrogen cooling coils within the Dewar minimized 
boiloff losses to a negligible amount. Liquid flox was supplied to the 
injector through a liquid nitrogen jacketed line and controlled by a single 
servo-operated control valve. Flox was mixed within the Dewar by adding 
liquid oxygen and liquid fluorine while the Dewar weight was monitored 
from within the control room. Flox concentration, calculated from oxidizer 
weights, was verified by laboratory analysis of samples taken at some time 
during each test series. Accurate samples were obtained by trapping liquid 
flox in an evacuated space between two remotely operated valves. The  
two valves and the sample chamber were liquid nitrogen jacketed to prevent 
flox concentration changes due to fractional distillation. After the liquid 
flox was trapped, the sample system was isolated and the nitrogen flow 
secured to allow complete evaporation of the liquid flox into an evacuated 
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sample bottle. The system was allowed to remain intact for a period 
sufficient to ensure that a homogenous gas was contained throughout. The 
sample bottle was then removed to the chemistry laboratory for mercury 
absorption analysis. Duplicate analyses of samples ranging from 68 to 93% 
fluorine have shown a repeatability of 0 . 2 8 ~ o  using this system. 

C. CONTROL SYSTEM 

Test firing events were controlled by a digital sequencer, analog- 
computer, electrohydraulic valve combination. Basically, the system con- 
sisted o f  oxidizer and fuel flowrate control, along with interrogation of 
certain parameters at specific time intervals to provide a go/no-go indication 
for the test to proceed or advance automatically to a controlled shutdown. 
The analog-computer was used for automatic closed loop control of the 
servo-operated control valves. The valves controlled upstream pressure 
and differential pressure at the oxidizer flow nozzle and fuel flow orifice 
to obtain predetermined flowrates. In addition to flowrate control, position 
control and pressure control of the valves were used during starting 
transients. 

For all uncooled tests the fuel control valve opened in injector inlet 
pressure control then switched to flow control at approximately +0.75 sec 
into the test. The  oxidizer control valve opened in position control then 
switched to flow control at approximately +1.2 sec into the test. The  
object of starting in this manner was to eliminate valve upsets during the 
starting transient when two-phase flow might be present. The fuel control 
valve was always opened slightly earlier and closed slightly later than the 
oxidizer control valve. Two sequenced go/no-go checks were made to 
ensure that ignition was obtained before a large quantity of propellants had 
been injected. A burn-wire was used to verify that ignition had occurred 
before 1-1.5 sec had elapsed. A continuous sample of chamber pressure 
was made to determine that it did not drop below 25 psia after +1.5 sec. 
For altitude tests, a continuous check of diffuser pressure was made to 
determine that it did not rise above 3 psia before start or between start 
+ 1 .O sec and shutdown. 

In the cooled altitude tests the oxidizer control valve was opened 
slowly over a IO-sec ramp in position control then switched to flow control 
for the remainder of the test. Three fuel-control valves were used in the 
supplementary-cooled tests. The injector fuel inlet control valve was 
opened in injector inlet pressure control then switched to flow control at 
+1.5 sec. The  cooling jacket inlet control valve and the cooling jacket 
discharge control valve both opened in position control at -8.0 sec. At 
+2.0 sec, the coolant jacket inlet valve switched to flow control; 0.5 sec 
later the coolant jacket discharge valve switched to coolant discharge 
pressure control. The  coolant control valves both remained open for 5.0 
sec at shutdown. 
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For the regeneratively cooled runs the oxidizer control valve was 
programed the same as for the supplementary tests. Only two fuel-control 
valves were used, one at the cooling jacket inlet, the other as a dump valve 
between the cooling jacket discharge and the injector fuel inlet to allow 
a complete jacket cooldown before starting the test firing. T h e  cooling 
jacket inlet control valve was sequenced approximately the same as for the 
supplementary-cooled tests, while the cooling jacket dump valve was closed 
after the start transient was negotiated. An additional go/no-go check was 
made on the cooled tests to assure that cooling jacket flow did not drop 
below the amount necessary to avoid damaging the chamber during the 
start transient. 

D. INSTRUMENTATION AND DATA ACQUISITION 

T h e  Liquid Propellant Research Facility data system provided record- 
ing of temperatures, pressures, thrust, and valve positions through a 96- 
channel low-level input analog-to-digital converter that fed a magnetic 
tape system. Also used were a %-channel oscillograph system and 12 direct 
inking strip charts. A separate system consisting of a high-speed tape 
recorder, amplifiers, and transducers provided high-frequency data capa- 
bility to 20,000 cps. Six closed circuit television channels provided con- 
tinuous test observation. The  instrumentation locations used in this test 
program are shown in the schematic flow diagrams (figures 34, 35, and 36). 
As shown on these diagrams, redundant measurements were made for all 
critical performance parameters (e.g., flowrates, chamber pressure, diffuser 
pressure, and thrust). All instrumentation was recorded by the digital 
system. Redundant oscillograph recordings of the critical performance 
parameters were made to guarantee that data would be available in the 
event of a digital system failure. Additional readout of the critical starting 
temperatures and pressures were available on the control room strip charts. 

Pressures were sensed using standard 4-arm bridge strain gage pressure 
transducers. Temperature measurements were made with standard re- 
sistance thermometers and chromel-alumel or copper-constantan thermo- 
couples. In  use, the thermocouples formed the active arm of a bridge 
completion network. Thrust was measured with 4-arm bridge strain gage 
load cells. The  valve positions were determined by use of position measur- 
ing potentiometers. Fuel flowrate was measured using upstream and 
differential pressure measurements in conjunction with a calibrated flow 
orifice. The  oxidizer flowrate was similarly measured using a calibrated 
flow nozzle. 

T o  assure validity of test data, redundant instrumentation and 
accurate calibration procedures traceable to the National Bureau of Stan- 
dards (NBS) were used. It is normal to achieve total data measurement 
accuracies (three standard deviations) of *0.5% for pressure, k0.5Y0 for 
thrust, %1% for valve positions, and from * l o  to +5" for temperatures, 
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Parameter  Es t ima ted  E r r o r ,  % 
(68% Conf idence)  (95% Confidence)  

C h a r a c t e r i s t i c  V e l o c i t y  f: 0.443 k 0.887 

Vacuum S p e c i f i c  Impulse * 0.643 k 1.287 

Vacuum T h r u s t  C o e f f i c i e n t  k 0.523 * 1.047 
L 
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depending on the temperature range of interest. The  Instrumentation 
Engineering Section maintains a complete computerized record of evalu- 
ations, calibrations, and maintenance history relating to all sensing and 
recording equipment. Table 4 presents the maximum estimated perform- 
ance data errors for a typical uncooled simulated altitude test. 

JcMaximum s t a t i s t i c a l  e r r o r  e s t i m a t e s  f o r  a s i m u l a t e d  a l t i t u d e  t e s t  u s i n g  
a n  uncooled  chamber w i t h  f lox-methane a t  a mix tu re  r a t i o  of  5 . 7 .  Th i s  
e s t i m a t e  performed under  C o n t r a c t  NAS3-6296. 
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SECTION V 

INJECTOR CHECKOUT TESTS - TASK II 

A. TEST DESCRIPTION 

Injector checkout testing consisted of 11 uncooled sea level tests, five 
with the triplet injector and six with the coaxial injector. These injectors, 
,described in Section 111, were mounted on an uncooled copper thrust 
chamber with a nozzle expansion ratio of 1.98 and a divergence half-angle 
of 15 deg. The  assembly is shown mounted on the test stand in figure 37. 
The  primary goal of these tests was to demonstrate 95% combustion 
efficiency over a mixture ratio range of 4.0 to 5.75. A second objective 
was to minimize variations in circumferential heat flux profile caused by 
injection pattern nonuniformities. Liquid flox and gaseous methane were 
used a t  flowrates corresponding to 5000-lb vacuum thrust at 100-psia 
nominal chamber pressure, with an area ratio of 40 exhaust nozzle. All tests 
with the triplet injector were 4.0 sec duration. Test durations ranged from 
2.0 to 6.0 sec for the coaxial injector. 

- p . 1  1 

mectors- 

Figure 37. Engine Installation for Uncooled 
Sea Level Tests 

FD 24934 

B. TEST PERFORMANCE 

Table 5 presents measured data from the 11 uncooled sea level test 
firings. Table 6 shows calculated performance data, and table 7 presents 
calculated data for correlation of injector performance results. Data 
reduction procedures are described in detail in Reference 2. 
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Figure 38 shows characteristic velocity (c") and characteristic velocity 
efficiency (qc") test data as a function of mixture ratio (r). The  triplet 
injector provided approximately 95y0 qcx over the mixture ratio range 
of interest, thereby achieving the contract objective. The  coaxial injector 
provided approximately 96% qc" at a mixture ratio of 4.3; however, 
efficiency dropped off rapidly with increasing mixture ratio. 
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Figure 39 correlates qcy with fuel-to-oxidizer momentum ratio for the 
coaxial injector and five coaxial injectors tested under Contract 
NAS3-4195. Injector 1 was a modified RLlOA-3 type injector with ribbon 
swirlers. Injectors 2, 3, 5, and 6 did not have swirlers, and the present 
Contract NAS3-10294 injector has tangential entry swirlers. A good cor- 
relation between momentum ratio and number of elements is achieved 
for all of the data except the single point obtained with the modified 
RLlOA-3 injector. It may be concluded that (1) the tangential entry 
swirlers had no significant effect on qcx and (2) increased momentum ratio 
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should provide the same increased performance with the coaxial 145- 
element injector as with previous injectors. For the cooled tests the 
momentum ratio was predicted to be significantly higher for a given 
mixture ratio due to the higher temperature of the gaseous methane 
entering the injector from the cooling jacket. As shown in figure 40, this 
increased momentum ratio was predicted to provide a substantial increase 
in efficiency. As discussed in Section VII, an improvement in T~~ was 
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C. HEAT TRANSFER 

Analysis of the wall temperature data from the solid copper chamber 
indicated that the chamber heat fluxes were 110 to 120yo of the theoretical 
estimates for the triplet injector and 60 to 75% for the coaxial injector. 
Figures 41 and 42 show theoretical and experimental gas film coefficients 
for test No. 2 USL with the triplet injector and test No. 8 USL with the 
concentric element injector as a function of axial distance along the copper 
chamber from the injector face. While the total heat fluxes obtained with 
the triplet injector were more than the predicted values, the peak heat 
fluxes (as indicated by the peak in film coefficient in figure 41) were less 
than the predicted values. Figures 43, 44, 45, and 46 show circumferential 
temperature rise data for the two injectors at two axial locations. Circum- 
ferential temperature variations generally ran from 2 1 0  to +20yo. One- 
dimensional analysis of the temperature data indicates that the percentage 
of circumferential heat flux variation is approximately equal to the tem- 
perature variation. Therefore, the variations in circumferential heat flux 
profile should be of the order of t 10 to +2OY0. 

Figure 41. Comparison of Heat  Transfer 
Coefficients, Tes t  No.  2 USL, 
r = 5.09 
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Figure 42. Comparison of Heat .  Transfer 
Coefficients, Test N o .  8 USL, 
r = 5.63 

DF 61131 
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Figure 43 .  Triplet  Injector - Facing Injector 
From Exit (Axial Plane 3 in.  From 
Injector Face) 
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SECTION VI 

UNCOOLED ALTITUDE TESTING - TASK 111 

A. TEST DESCRIPTION 

Twenty-five flox/methane firings were completed providing data over 
a mixture ratio range of 4.1 to 5.9. The oxidizer was liquid flox (82.6% 
fluorine), and the fuel was ambient gaseous methane. These tests produced 
chamber and nozzle heat transfer data subsequently used in the steady-state 
analysis for the cooled RLlO chamber design, and provided the most exten- 
sive flox/methane altitude performance data obtained to date. The  contour 
of the uncooled chamber and the bell-nozzle extension were identical to 
the cooled RLlO chamber used for Task 111 cooled testing. A second 
chamber, with a 15-deg half-angle nozzle, was also tested providing a com- 
parison of the kinetic performance losses due to nozzle design. Both 

nozzle extensions had expansion area ratios of 40. The  copper chambers 
tested were instrumented with thermocouples to provide axial and circum- 
ferential heat flux data. The bell-nozzle extension also had thermocouple 
instrumentation to provide exhaust-nozzle heat flux data. A Kistler pressure 
transducer in the second chamber (with the 15-deg nozzle) provided com- 
bustion stability data. A detailed description of the hardware is presented 
in Section 111. A steam-driven diffuser system was used to provide an 
ambient exhaust pressure below the nozzle separation level, at 0.1 to 0.5 
psia during the firings. 

B. PERFORMANCE 

The  uncooled simulated altitude testing consisted of 25 firings, 23 of 
which lasted the programed duration, and 2 of which were aborted after 
ignition due to insufficient altitude system steam supply. Both the coaxial 
and triplet injector configurations were tested with the uncooled copper 
chamber using the bell-nozzle extension. The  triplet was also tested with 
the 15-deg conical nozzle extension. Table 8 presents the measured data 
from the uncooled altitude testing. Table 9 shows the calculated perform- 
ance data and table 10 presents calculated data for correlation of the 
injector performance. 
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Figures 47, 48, and 49 show the characteristic velocity (c"), vacuum 
specific impulse (I,.J, and thrust coefficient (C,) data obtained as a 
function of mixture ratio for the coaxial injector. The  cx values obtained 
agree with the Task 11 sea level results, and the measured thrust coefficient 
data agree to within 0.5% with previous flox/methane simulated altitude 
data reported in Reference 2. The maximum corrected vacuum specific 
impulse was 371 at a mixture ratio of 4.5. The  trend of the data indicates 
that even higher impulses could have been achieved at lower mixture ratios. 
Note that the corrected data shown are referenced to liquid methane. This 
is done for the sake of consistency with the regenerative cooled data pre- 
sented in Section VII. Based on the actual inlet conditions (ambient tem- 
perature methane) and corrected for heat loss, the vacuum specific impulse 
would be approximately 3 sec higher. As discussed in the previous section, 
the low cx at high mixture ratio with the coaxial injector was due partially 
to use of ambient temperature gaseous methane, which provided a momen- 
tum ratio well below the design value. 

Results of the nineteen tests for which performance data were obtained 
with the triplet injector are presented in figures 50, 51, and 52. The  
characteristic velocity data, shown in figure 50, are indicated to be from 
1 to 5% lower than the sea level data presented in Section V; however, all 
of these tests encountered high frequency instability. Between the sea level 
and altitude tests, seventy-two 0.035411. film-cooling holes were added to 
the, circumference of the injector to reduce chamber heat flux. The  effect 
on performance of this small amount of film cooling should have been 
minimal; however, the reduction in injector fuel pressure drop and change 
in injector mass distribution were apparently enough to produce instability. 
In previous testing with similar injectors, it was found that acoustic 
instability reduced the indicated cx based on measured chamber pressure, 
but had no effect on the sea level thrust (Reference Z), and this was 
apparently the case with these tests. 

Figure 51 shows the vacuum specific impulse test data and figure 52 
shows the indicated thrust coefficient efficiency. The  thrust coefficient 
efficiencies are seen to be as much as 4.5% above the maximum values 
predicted to be attainable based on estimated friction and divergence 
losses, thereby providing a strong indication that the indicated cx data are 
in error. If a constant value of 95% ycx (as determined from the sea level 
testing) is applied to the vacuum impulse data, the thrust coefficient 
efficiencies shown in figure 53 are obtained. These values are much more 
realistic and are in better agreement with the coaxial data which are shown 
for comparison. 
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DF 65069 Figure 49. Coaxial Injector - Vacuum Specific Impulse 
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Figure 51. Triplet Injector - Vacuum Specific Impulse DF 65071 
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The stable coaxial injector thrust coefficient data and unstable triplet 
data shown in figure 53 indicate that nozzle losses in excess of predicted 
friction and divergence losses are less than 3.Oy0 below a mixture ratio of 
4.5 and less than 6y0 for the bell nozzle at a mixture ratio of 5.75. These 
losses are commonly attributed entirely to nonequilibrium chemical re- 
combination, but the effect of combustion efficiency on nozzle performance 
must also be considered as a possible influence. Previous analytical pre- 
dictions of nonequilibrium losses (Reference 2) were much higher than 
indicated by figure 53, e.g., 70/, at r=4.5 and 10% at rz5.75. However, 
serious doubt has always existed regarding these analytical predictions 
because of the inadequacy of the available reaction rate data. 

While the acoustic instability may leave some doubt regarding the 
distribution of the c+ and C, efficiencies, there appears to be no basis for 
questioning the vacuum specific impulse data shown in figure 51. The  
peak values of 379 with the bell nozzle and 382 with the conical nozzle 
(379 and 380 based on a best fi t  of the data) are more than 10 sec higher 
than the best previous data obtained (Reference 2) and indicate that much 
better low pressure performance can be obtained with flox/methane than 
previously thought possible. 
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SECTION VI1 

REGENERATIVELY COOLED ALTITUDE TESTS 

A. TEST DESCRIPTION 

Seven cooled chamber tests were conducted using the modified RLlO 
thrust chamber and concentric element injector. As in the uncooled firings, 
nominal test conditions were 5000-lb vacuum thrust and 1 OO-psia chamber 
pressure. The  first four tests were supplementary cooled, i.e., gaseous 
ambient temperature methane was used as the fuel and a separate supply 
of liquid methane was used for cooling. In these tests the coolant flow 
was initially set approximately 50% in excess of the fuel flow and was 
systematically reduced to a value equal to the fuel flow. The  final three 
firings were regeneratively cooled. 

1 .  SUPPLEMENTARY-COOLED TESTS 

The  coolant-valve sequencing in test 1 CA provided for a 9.0-second 
coolant lead to assure stabilized coolant flow, followed by full fuel flow 
and a 2.0-second ramp-up in oxidizer flow. A fourth control valve was 
provided on the cooling jacket discharge line to control the coolant 
pressure in the jacket. During the start transient this valve was maintained 
at a fixed position of 70y0. This was the calculated position to provide 
150-psia jacket pressure during steady-state operation. T h e  valve was kept 
open with low coolant back pressure to allow escape of the excess coolant 
in the jacket during the start transient as the coolant density decreased 
because of heat addition. Fixing the position a t  70% would prevent the 
jacket pressure from becoming too low as steady-state operation was 
approached. 

Test 1 CA was automatically aborted 2.1 seconds into the run because 
of low indicated coolant flow to the jacket. The  indicated coolant flow 
to the chamber at this time was 1.5 lb/sec. T h e  low coolant flow was pro- 
duced by high jacket pressures, which reached a peak value of 280 psia at 
the jacket discharge. The  calculated jacket exit flowrate at this time was 
in excess of 10.0 lb/sec, based on the measured discharge control valve 
pressure drop. The  data clearly indicate that the jacket discharge control 
valve was unable to accommodate the increased discharge flowrate produced 
by the sudden coolant density decrease within the coolant jacket and 
discharge plumbing. This is understandable considering that the reduction 
in coolant density between prestart and steady-state operation is sufficient 
to produce a reduction in coolant mass, within the coolant jacket alone, of 
approximately 10 lb. However, prior to test 1 CA it was expected that the 
density reduction would occur more gradually. 

Inspection of the thrust chamber after test 1 CA indicated 9 tubes had 
These holes were small holes burned through near the injector face. 

easily repaired before subsequent testing. 
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On test 2 CA the oxidizer flow ramp was extended to 10.0 seconds to 
provide a more gradual change in coolant density, and the coolant 
discharge control valve was set at 1 0 0 ~ o  open during the start transient 
to provide less of a restriction to the high coolant discharge flow. The  
coolant flow lead before start was reduced to 6.0 seconds. A successful 
start was achieved and the test ran the programed duration of 20 seconds. 

Planned coolant flows for test 2 CA were 3.4 lb/sec for the first 15 
seconds and 2.8 Ib/sec for the last five seconds; however, cooling system 
pressure drops prevented the 3.4 Ib/sec flowrate from being achieved even 
with the control valve wide open; therefore, coolant flow during steady- 
state operation ranged from 2.8 to 3.1 Ib/sec. N o  hardware damage was 
encountered on this test. 

Two additional supplementary cooled tests, tests 3 CA and 4 CA, were 
conducted using the same start sequence as test 2 CA. Test 3 CA was a 
20-second firing, covering a mixture ratio range of 4.0 to 5.5 at a coolant 
flowrate of approximately 3.0 Ib/sec. Test 4 CA was a 30-second firing 
covering a mixture ratio range of 4.0 to 5.5 at a coolant flow of 2.8 to 2.0 
lb/sec. N o  hardware damage was encountered on test 3 CA; however, 
after test 4 CA four tubes were observed to have small holes. Closer 
inspection o f  the chamber during repair and pressure check located 
numerous pinhole leaks in 15 to 20 tubes. Damage was located primarily 
at the start of the convergent section of the chamber. 

2. REGENERATIVE COOLED TESTS 

For test 5 CA the jacket coolant discharge line was connected to the 
injector fuel inlet to provide conventional regenerative cooling. A tee 
in the discharge line to the coolant discharge control valve used in the 
supplementary cooled tests provided a means of bleeding off excess jacket 
discharge flow during the start transient. This overboard dump valve was 
set at 70% open for 4.0 seconds after start and then ramped closed over the 
next 5.0 seconds. A 5.0-second coolant lead before start was used, and the 
oxidizer control valve was ramped open over a 10-second period in the 
same manner as tests 2 CA, 3 CA, and 4 CA. 

Test 5 CA was aborted at 9.0 seconds after start because of low coolant 
flow. As with test 2 CA, it was determined that the coolant discharge 
pressure became excessive as the decrease in coolant density within the 
jacket produced a high flowrate out of the jacket. No hardware damage 
was encountered. 

For test 6 CA, the IO-second oxidizer ramp was modified to provide a 
more linear increase in chamber pressure and the coolant dump valve was 
scheduled to ramp closed from start plus 5 seconds to start plus 15 seconds. 
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These changes were made to provide a more gradual increase in heat flux 
(hence a more gradual decrease in jacket coolant density) and to provide 
increased overboard coolant dump during the critical period from start 
plus 7.0 seconds to start plus 10.0 seconds. A successful start was achieved 
and the test ran the programed duration of 40.0 seconds. During the test 
a mixture ratio excursion was made from 4.6 to 5.0, the highest value being 
achieved at the end of the firing. 

During test 6 CA, approximately fifty tubes sustained minor damage, 
consisting of pinhole leaks and short splits in the tubes. T h e  damage 
was concentrated near the start of the nozzle convergent section. 
The  total leakage area in the damaged tubes was so small that the test 
data provide no clear indication as to when burnout occurred; however, 
the most likely time was during the maximum mixture ratio operation at 
the end of the test. The hardware was again repaired for use in test 7 CA, 
and the tubes were coated with silver braze in the combustion chamber 
to increase the cooling margin in that area. 

Test 7 CA was made with the repaired chamber. The  test ran the 
scheduled 60 seconds and a mixture ratio excursion from 4.3 to 5.0 was 
completed: however, the chamber was damaged severely during the start 
transient. Despite the damage the run continued with chamber pressure 
stable at approximately 60 psia instead of the desired 100 psia. Post-run 
inspection of the chamber revealed damage to nearly all of the tubes in 
the combustion area (the region from about 2 inches from the injector 
face to the convergent nozzle section). Coincidental with the tube damage, 
there was a complete absence of the silver braze filler. There was no 
damage to the throat or the divergent nozzle section of the chamber, nor 
was there any damage to the injector. No changes had been made to the 
valve sequencing after test 6 CA that would affect either the start or  
shutdown transients. 

Several factors probably contributed to the chamber failure. Each 
time the chamber tubes are repaired the question of structural integrity 
arises, but worth noting is the fact that subsequent tube damage was not 
in the area of the previous weld repairs (although in some cases there was 
damage in the same tube at a different axial location). The  presence of 
silver braze in the combustion area presents another variable. Obviously, 
the theory of using silver to conduct heat from the tube crown to the 
cooler region between the tubes is sound. T h e  problem is that normal 
application of the silver braze leaves a buildup similar to a weld bead. 
This, in turn, would tend to make the boundary layer more turbulent than 
the smooth chamber wall, which could thereby increase heat transfer rates. 
Smooth braze application and polishing of the braze material was hampered 
by the extent of the prior tube repair. Also, under low pressure test con- 
ditions, the silver braze melts at  a temperature very close to the point of 
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zero tube wall margin. The  braze surface temperature will be approxi- 
mately the same as the tube crown temperature without braze. Thus, for 
the silver braze to be effective it must remain solid above the point of zero 
wall margin as is the case with higher pressure operation (lower tube 
temperature at zero wall margin). 

L 

T h e  severity of the damage encountered during test 7 CA was attributed 
to a brief period of high frequency instability, which occurred approxi- 
mately 9.0 seconds into the run. T h e  data show that the chamber failure 
began about 7.0 seconds into the run, but became severe only after the 
instability occurred. I t  is concluded that minor tube damage triggered the 
instability, which, in turn, caused the more extensive tube failure. 

One of the most interesting results of the cooled testing was the 
minimization of the thrust chamber damage through the use of metering 
orifices for tube-to-tube flow control. On  previous cooled tests with flox- 
light hydrocarbon propellants, extensive damage was encountered any 
time a tube failure occurred. The  severity of the damage was caused by 
starvation of coolant in some tubes as flowrate became excessive through 
the burned tubes. With the use of metering orifices, the slight damage 
incurred on tests 1 ,  4, and 6 CA did not lead to severe chamber failure 
and was readily repaired. Even more impressive was the chamber operation 
during test 7 CA. Even though the chamber damage incurred during the 
start transient caused over 90% of the fuel to be diverted through the 
damaged tubes, the chamber continued to operate without catastrophic 
failure at over 6OY0 impulse efficiency for 60 seconds. A post-test photo- 
graph of the chamber is shown in figure 54. It can be seen that development 
of tube-to-tube coolant flow control could prove to be a significant contri- 
bution to mission safety and reliability in future rocket engines. 

Figure 54. Post-Test View of RLlO Thrust Chamber 
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B. COOLED CHAMBER PERFORMANCE 

Tables 11 and 12 summarize the results obtained in the four cooled 
tests for which steady-state performance data were obtained. In tests 3 CA, 
4 CA, and 5 CA, several steady-state performance points were obtained. 
As predicted, and as shown in figure 55, the characteristic exhaust velocity 
efficiency, qCx, was substantially improved in the regeneratively cooled test 
(6 CA) because of the increased fuel momentum. 

Figure 55. Characteristic Exhaust Velocity Data f rom 
Cooled Tests 
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C. ANALYSIS OF COOLING RESULTS 

Of the seven supplementary and regeneratively cooled tests conducted, 
four tests resulted in some degree of damage to the cooling jacket tubes. 
Except for test 7 CA, all of the tube failures apparently occurred during 
steady-state operation at mixture ratios above 4.9. Figures 58 and 59 show 
the predicted combustion side wall temperature profiles based on measured 
gas film coefficients from the uncooled altitude tests. The  peak wall 
temperatures are almost exactly the same as those predicted based on a 
constant 80% of the Bartz theoretical values as previously shown in figures 
11 and 12, and provide from 350" to 400"R wall margin. These results 
provide no indication of the cause of the tube burnouts incurred at high 
mixture ratio. 

One possible cause of tube burnout was considered to be flaking-off 
of the carbon layer during steady-state operation. Figure 60 shows the 
predicted effect of carbon flake-off for a mixture ratio of 4.5 at the throat 
and at two axial locations in the combustion chamber. I t  can be seen that 
carbon flake-off at the throat would produce a local increase in wall tem- 
perature of approximately 900"R. This would increase the wall tempera- 
ture to above burnout point at the throat. Figure 61 shows the effect of 
carbon flake-off at the throat for a mixture ratio of 5.6. T h e  effect is shown 
to be less severe than at the lower mixture ratio because film boiling is 
nearly complete and the gas velocity is higher. Thus, local carbon flake-off 
is seen to provide a mechanism for the burnout; however, the predicted 
location of the burnout and the effect of mixture ratio on possible burnout 
are contradictory to the cooled test results. 

Another possible contribution to tube burnout is condensation of 
carbon in the boundary layer. While the predicted equilibrium concen- 
tration of gaseous carbon in the exhaust products is small +e., on the order 
of 0.1 to 0.01 mole percent) the energy released in carbon condensation is 
extremely high (approximately 25,000 Btu/lb). Thus, under certain con- 
ditions condensation of carbon in the boundary layer could have an 
appreciable effect on heat transfer. Based on strictly equilibrium calcu- 
lations, the increase in the chamber heat flux due to carbon condensation 
would be less than 5%; however, nonhomogeneous distribution of the 
reaction products could produce local effects wherein the concentration 
of gaseous carbon would be substantially in excess of theoretical equilibrium 
predictions. The  measured heat flux data from the uncooled tests would 
include the effect of carbon condensation under equilibrium conditions; 
however, if carbon flake-off were to occur, the momentary increase in local 
heat flux to the bare wall could be magnified by a temporary increase in 
the rate of carbon condensation as the carbon layer reforms. 
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Figure 60. Effect of Carbon Flake-Off on Chamber 
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Figure 61. Effect of Carbon Flake-Off on Chamber 
Cooling, r = 5.65 
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During the start transient, the heat flux to the combustion chamber 
walls is low, while the coolant flowrate is near the steady-state value. Under 
these conditions the film boiling region shifts further toward the com- 
bustion chamber. An analysis was conducted to determine if under these 
conditions, film boiling in the combustion chamber could result in tube 
burnout. This was accomplished by using the steady-state coolant flowrate 
and reducing the heat flux below the experimental steady-state values. 
The  results, summarized in figure 62, showed no start transient temperature 
overshoots were to be expected. At 25% of the steady-state heat flux the 
entire combustion chamber was operating in the film boiling region, but 
the peak wall temperature was only 58y0 (1190"R) of the predicted steady- 
state maximum. 

As indicated, several mechanisms regarding the cause of the high 
mixture ratio tube failure may be postulated, but no completely satisfactory 
cause may be definitely established. The most likely cause appears to stem 
from the combined effects of nonuniform heat circumferential heat flux, 
carbon layer flake-off, and carbon condensation. The  correlation of the 
tube failure with high mixture ratio operation would indicate that the 
tendency toward carbon flake-off increases with increasing mixture ratio. 

While the tube failures at high mixture ratio indicate an area of 
inadequate knowledge, these failures should not be overemphasized with 
regard to the applicability of bulk-boiling cooling with methane. In a 
practical sense methane bulk boiling cooling has been shown to be entirely 
feasible. Fluid dynamic stability was achieved on all tests, and a satisfactory 
solution to the start transient control problems was found. Most important, 
completely satisfactory cooling was demonstrated over the mixture ratio 
range which provided maximum vacuum specific impulse, i.e., over 380 
seconds between a mixture ratio of 4.1 and 4.9. 

r = 5.65 
100r, P,,, = 280 p s i a  

5O", P. = 150 
- 2% E;;= log 

i - _ - _ _ - _ _ _ _ _ _ _ _ _  * _ _ - _  ~ . . . . . . . . . . . . . . . . . . . . . . .  --. = === === =---= = I =-----= = = :: = := s------= =-----= c--------- -.---.---a 

0 
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Figure 62. Predicted Start Transient Wal l  Temperature DF 65079 
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SECTION Vlll 

APPLICABILITY OF METHANE 
BULK BOILING COOLING - TASK I 

A. RANGE OF CONDITIONS 

Regenerative cooling with bulk boiling methane offers the advantages 
of higher specific impulse than provided by other hydrocarbons (i.e., those 
suited for conventional regenerative cooling), and simpler, lighter weight 
thrust chamber construction and higher specific impulse than encountered 
with methane using transpiration or ablation cooling. T o  complement the 
experimental investigation at 1 OO-psia chamber pressure and 5000-lb 
vacuum thrust, a parametric heat transfer study was conducted to establish 
the chamber pressure and thrust ranges over which regenerative cooling 
with methane is feasible. Jacket pressure drops and coolant outlet tem- 
peratures were determined for the range of conditions shown in table 13. 

TABLE IS. RANGE OF CONDITIONS FOR PARAMETRIC STUDY 

Prope 1 l a n  t s 

Vacuum T h r u s t  1000 t o  20,000 l b  

Chamber P r e s s u r e  (Pc) 100 t o  250 p s i a  

FloxIMethane 

Mix tu re  R a t i o  ( r )  3.75 t o  5 .75  

F u e l  I n l e t  Temperature  

Area R a t i o  40 

Combus t i o n  E f f i c i e n c y  (qc;k) 

C h a r a c t e r i s t i c  Length ,  L'k 30 i n .  

Area R a t i o  40 

1 7 3 " R  (FP + 1 0 " R )  

9 6% 

Nozzle  Contour  Minimum s u r f a c e  area 
p e r f e c t  b e l l  

The  assumptions upon which the calculation was based are sum- 
marized below. 

1. 

2. 

3. 

The  heat exchangers were constructed of bundles of double tapered 
round tubes using a pass-and-one-half coolant path. 

Tubes were sized to provide the minimum pressure drop consistent 
with a maximum wall temperature of 2400"R. This temperature 
limit is representative of advanced tube materials such as Hastelloy 
X or Haynes 25. 

Based on current manufacturing limitations the minimum tube 
diameter was set at 0.040 in. ID and the minimum wall thickness 
at 0.010 in. 
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4. The combustion gas film coefficients were reduced to 80% of the 
Bartz theoretical values. This reduction is due to carbon deposits 
on the chamber wall and is slightly higher than the reduction 
measured with the coaxial injector test program, but typical of 
what would be expected in a developed engine. 

5. Based on typical injector design practice the following injector 
inlet pressures (heat exchanger outlet pressures) were assumed: 

Chamber Pressure, Jacket Outlet Pressure, 
ps ia ps ia 

100 
1 7 5  
250  

1 7 5  
275 
375 

The  equations employed in the study were identical to those given in 
Reference 1 except for the saturated film boiling Nussult number. The  
equation used was, 

Nu = 0.023( Re)cO~*(Pr)co~4(p,/p,)0.B 

This equation was used instead of the one reported in Reference 1 
because of the following: (1) the equation better correlates the saturated 
film-boiling data over the range of Reynolds numbers of interest to this 
study and (2) it permits a smooth transition when calculating heat transfer 
coefficients in the film-boiling and gas-phase regimes. 

B. PREDICTED RANGE OF APPLICABILITY 

Figures 63 through 65 present coolant pressure drop, coolant discharge 
temperature, and minimum tube diameter for the range of conditions of 
interest. The  coolant pressure drop increases with increased chamber 
pressure. This occurs because the heat flux increases with chamber 
pressure, thus requiring higher coolant velocities with the accompanying 
higher pressure drop. In all cases the coolant discharge temperature is 
above the saturation temperature, indicating that bulk boiling occurred 
in the jacket. As would be expected, the assumed level of heat flux has a 
marked effect on the coolant pressure drop. At the lower thrust limit 
shown for 100-psia chamber pressure (1000-lb thrust, r = 5.75) the required 
coolant pressure drop decreases from 66 psi at an assumed 80% of the 
Bartz film coefficients to 36 psi at 60%. The  80% level is a maximum 
for the assumed limits of 0.040 in. minimum tube diameter and 2400"R 
maximum wall temperature. For comparison, however, this case was run 
using 1 0 0 ~ o  of the Bartz coefficients with the 0.040 in. minimum diameter 
tubes. The  maximum wall temperature for this condition was 2545"R 
and the pressure drop increased to 82 psi. 
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Figure 66 shows the thrust/chamber pressure cooling limits for 
operation at a mixture ratio of 5.75. Based on the minimum tube diameter 
constraint, regenerative cooling is feasible to below 5000-lb thrust at 
chamber pressures up to 250 psia; however, at these conditions the coolant 
pressure drops are unrealistically high. The  lower line on figure 66 shows 
the limits based on pressure drops more representative of engine design 
practice. 

The  limits predicted in figures 63 through 66 are based on conven- 
tional tube-type construction and existing tube fabrication technology. 
The  limits could probably be exceeded through the use of advanced 
chamber fabrication technology. Also the percent of theoretical heat flux 
is conservatively set at SO%, slightly above most current experience. 
Moderate injector development or the addition of film cooling would be 
expected to provide lower heat fluxes, thereby further increasing the range 
of applicability. Based on the experimental results of the cooled test 
program (Section VII) some cooling problems might be expected above 
a mixture ratio of 5.0; however, the experimental performance data shown 
in Section VI indicate that operation at these high mixture ratios is not 
desirable for maximum performance. 

I 

- 
L i m i t s  Bawd on Minimum 

Figure 66. FloxlMethane Regenerative Cooling Limits 
for Mixture Ratio of 5.75 

DF 68103 
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